generations were significantly correlated with ectodomain shedding of these pro-inflammatory molecules. Conclusion: Our data confirmed increasing levels of intracellular ROS generation in both platelets (CD45-) and platelet-leukocyte aggregates (CD45+) during PC storage. The amount of detected ROS is directly correlated with platelet activation and release in each population while platelet-leukocyte aggregates generate higher levels of ROS than single platelets.
Introduction
Although the in vivo shelf life of platelets in circulation is about 8-10 days, platelet components cannot be stored more than 5 days due to the risk of bacterial contamination and some deleterious changes that cause progressive structural and functional damage in the cells, the so-called platelet storage lesion (PSL) [1] [2] [3] .
In platelet components, PSL is commonly manifested by reduced pH, due to glycolysis and increased levels of lactate, platelet cytoskeleton rearrangement leading to platelet shape change, and abnormal aggregation function with increased expression of active α IIb β 3 as well as secretory granule release that induce pro-inflammatory phenotype of platelets expressing P-selectin and CD40L. Finally, increased levels of intracellular calcium and externalization of phosphatidylserine induce pro-coagulant platelets that progres-
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Summary
Background: Platelet stimulation with agonists is accompanied by the generation of reactive oxygen species (ROS) which promotes further platelet activation and aggregation. Considering different cell populations in platelet concentrates (PCs), this study investigates the correlation of ROS generation with the expression and release of platelet activation markers during storage. Methods: Samples obtained from 6 PCs were subjected to flow cytometry and ELISA to evaluate the expression and shedding of platelet P-selectin or CD40L during storage. Intracellular ROS were detected in either CD45-or CD45+ population by flow cytometry using dihydrorhodamine 123, while ROS production was analyzed in both P-selectin+ or P-selectin-and CD40L+ or CD40L-populations. To further evaluate the correlation between ROS generation and release function, TRAP-stimulated platelets were also subjected to flow cytometry analysis. Results: ROS detected in the CD45-population (leukocyte-free platelets) was significantly increased by fMLP and PMA. P-selectin-or CD40L-platelet did not show significant amount of ROS. Total ROS generation was significantly increased during platelet storage (day 0 vs. day 5; p = 0.0002) while this increasing pattern was directly correlated with the expression of P-selectin (r = 0.72; p = 0.0001) and CD40L (r = 0.69; p = 0.0001). ROS sively shift to an apoptotic phenotype characterized by caspase activity and loss of mitochondrial membrane potential in long-stored platelets [4] [5] [6] . Unwilling activation of platelets during storage causes granule release associated with the increased expression and shedding of P-selectin and CD40L as important pro-inflammatory molecules and specific markers of platelet activation [7] .
In stored platelets, irreversible shift of the pro-aggregatory phenotype to the pro-inflammatory state may dramatically affect platelet function and fate in circulation via the interaction and/or conjugation of P-selectin expressing platelets with leukocytes holding P-selectin glycoprotein ligand-1. Notably, in addition to the induction of unwilling premature inflammatory responses, such platelets may be rapidly removed by scavenging pathways including reticuloendothelial system [8] [9] [10] . These problems reduce the efficacy of platelet transfusion therapy. Stored platelets also express significant levels of CD40L which was shown to trigger pro-inflammatory pathways via the interaction with different types of leukocytes [11, 12] .
Several lines of evidence also showed that platelet activation is associated with increased levels of reactive oxygen species (ROS) [13] [14] [15] . Therefore, like other activation markers, ROS generation may also reflect the state of activity of platelets. However, as unstable components that rapidly react with other proteins including signaling molecules, ROS interfere in platelet function through the modification of the signaling pathway. In physiologic concentrations, ROS usually act as intracellular signals resulting in platelet activation [16] . Among several enzymatic pathways which elicit ROS formation, NADPH oxidase (NOX2) is mainly involved in the generation of O 2 -, an unstable product which is rapidly converted to H 2 O 2 by the superoxide-dismutase (SOD). Studies showed that upon platelet stimulation, NOX-dependent generation of different components of ROS, including O 2 -and H 2 O 2 , results in propagation of platelet activation and aggregation [17] [18] [19] .
Platelet stimulation with different agonists such as thrombin increase ROS generation [13] . Collagen-induced aggregation also showed to enhance ROS generation via eliciting the considerable amount of H 2 O 2 which mobilizes intracellular calcium. This ROSdependent calcium influx induces further platelet activation via the activation of phospholipase A2 (PLA2), membrane release of arachidonic acid, and thromboxane A2 generation as well as phospholipase C up-regulation [15] . Consistently, it has been shown that NOX-dependent platelet O 2 -generation promotes platelet aggregation and thrombosis by increasing platelet recruitment to the site of injury [20, 21] .
Several lines of evidence showed an intimate crosstalk between ROS and pro-inflammatory mediators. Signals induced by ROS augment the production and release of pro-inflammatory cytokines which perpetuate several inflammatory responses [22] [23] [24] . On the other hand, the pro-inflammatory status also enhances ROS generation in different conditions. The most relevant example is the involvement of CD40L in ROS generation in neutrophils, shifting these cells to their active inflammatory state [25, 26] .
Given the important role of ROS in propagation of platelet activation, the aim of the present study was to elucidate whether platelet storage can significantly result in an increasing amount of ROS production and whether the generated ROS is correlated with the increased levels of platelet pro-inflammatory molecules.
Material and Methods
Reagents
Mouse IgG1 κ Isotype controls (phycoerythrin(PE)-, fluorescein isothiocyanante(FITC)-and peridinin chlorophyll protein complex(PerCP)-conjugated) were from Miltenyi Biotec (Bergisch Gladbach, Germany). Monoclonal antibodies against human CD154 (PE-or FITC-conjugated), CD45 (PE-conjugated), CD42b (FITC-or PE-conjugated) and CD62P (PerCP-conjugated) were from BD Pharmingen (San Diego, CA, USA). Dihydrorhodamine (DHR) 123 and other reagents and chemicals were from Sigma Aldrich (St. Louis, MS, USA).
Sample Preparation
The present study was conducted on the samples of 6 blood donors. The study was approved by the local ethical committee, and informed consent was obtained from blood candidates by the Iranian Blood Transfusion Organization (IBTO). Six platelet-rich plasma platelet concentrate (PRP-PC) bags obtained from the volunteer donors were randomly selected. All platelet concentrates (PCs) passed release process under IBTO screening regulations. Each bag included 50-60 ml PCs with more than 1 × 10 9 platelets/ml. On day 0 of storage, 5 ml of product was taken under sterile conditions from the cord for the baseline study and after sealing back using a connecting device instrument (TSCD-II; Terumo , Tokyo, Japan), original bags of PCs were connected to 3 small satellite bags with the same origin. PRP-PCs were then equally portioned to the small bags using a digital balance (Sartorius, Göttingen, Germany). The three small bags originated from each primary PCs were labeled as day 1, day 3, and day 5. Prior to sample preparation, all bags were kept in a shaker incubator at 20-24 ° C. PRP-PCs were transferred to falcon tubes, and by adding a designated amount of Tyrode's buffer (10 mmol/l Hepes, 12 mmol/l NaHCO 3 , pH 7.4, 137 mmol/l NaCl, 2.7 mmol/l KCl, 5 mmol/l glucose, 1 mmol/l CaCl 2 ), platelet counts were adjusted to 5 × 10 8 /ml. Washed PCs were isolated as described previously [27] .
For flow cytometry analysis, platelet counts were adjusted to 10 7 /ml. Platelet-poor plasma (PPP) obtained from PRP with a platelet count of 5 × 10 8 /ml was subjected to two-step ultracentrifugation (3 × 10 4 g for 30 min each time) and microparticle-free supernatant was separated and kept at -20 ° C to be analyzed by ELISA assay for the evaluation of shed proteins. To prepare resting platelets for control study, blood sample was drawn from healthy consenting individuals who had not taken any anti-platelet or anti-inflammatory medication in the 2 weeks prior to venesection, and platelets were isolated as already described [27, 28] .
Analysis of Platelet Oxidative Burst (ROS Generation)
DHR 123 was already reported to be used for evaluation of ROS production in platelets [29] [30] [31] . DHR 123 is a cell-permeable mitochondrial-avid component that can undergo oxidation to the fluorophore rhodamine 123 [32] . The oxidized rhodamine has a tendency to remain within the cell after tautomerization of its equivalent amino groups. DHR 123 provides the advantage of being oxidized by both H 2 O 2 and O 2 -while emitting a strong fluorescence signal. This makes it a very sensitive indicator for detection of ROS generation [33] . To analyze ROS production, platelets (10 7 /ml) loaded with 1 μmol/l DHR 123 for 30 min at 37 ° C were incubated with PE-conjugated anti-CD45 (as a leukocyte marker) in the presence and absence of either 2 μmol/l fMLP (N-formylmethionyl-leucyl-phenylalanine) or 200 nmol/l PMA (phorbol 12-myristate 13-acetate). Cells were then subjected to flow cytometry (CyFlow ® Space, Sysmex Partec GmbH, Görlitz, Germany) where a total of 20,000 platelet events were acquired. The flow cytometer settings were optimized for the acquisition of platelets by logarithmic signal amplification in all 3 detectors (forward and side scatter channels and fluorescence channel FL1). For analysis, the gate was set around the intact platelet population (R1) as defined by forward and side scatter characteristics and confirmed by the presence of platelets expressing GPIbα (in a parallel experiment) with the least expression of CD45 (using anti-CD45 in dual staining with DHR 123). To verify platelet-originated ROS production for each run, dual staining of DHR 123 with CD45 was performed so that the CD45+ population of platelet-leukocyte aggregate (R2) could be excluded from our gating strategy for platelet-originated ROS. The percentage of platelets expressing DHR 123 fluorescence in comparison with the background (negative control) was recorded. Data were analyzed with FLOWJO software (Tree Star Inc., Ashland, OR, USA). Using platelet dual staining with either DHR 123 and CD40L (PE-conjugated) or DHR 123 and P-selectin (PerCP-conjugated), the percentage of DHR 123+ cells in either P-selectin-or CD40L+ and P-selectin or CD40L-populations were also evaluated.
Flow Cytometry to Determine the Levels of Surface Molecules Expression
Platelets were stained with anti-P-selectin, anti-CD40L and anti-CD42b (GPIbα) for 30 min. Isotype-matched control antibodies were used to determine background staining created by non-specific binding. Cells were then fixed in 1% paraformaldehyde in phosphate-buffered saline for 1 h and subjected to flow cytometry (CyFlow ® Space) where a total of 20,000 platelet events were acquired. The flow cytometer settings were optimized for the acquisition of platelets by logarithmic signal amplification in all four detectors (forward and side scatter channels and fluorescence channels FL1 and FL2). For analysis, the gate was set around the intact platelet population as defined by forward and side scatter characteristics and confirmed by the presence of platelets expressing GPIbα. The percentage of positive platelets expressing either P-selectin or CD40L above the background (negative control) was recorded. Data were analyzed with FLOWJO software.
Enzyme-Linked Immunosorbent Assay
Microparticle-free samples obtained from PPP were subjected to ELISA assay to determine the exact concentration of soluble P-selectin and CD40L using ab100631-CD62P and ab9999-CD40L Human ELISA Kits (Abcam, Cambridge, UK), respectively, according to the manufacturer's instructions. The absorbance at 450 nm was read with an ELISA reader (Multiskan EX, Labsystem, Helsinki, Finland).
Platelet Counting and pH Measurement
Platelet count and mean platelet volume (MPV) were measured using a hematology full blood analyzer (XE-2100, Sysmex, Milton Keynes, UK) on days 0, 1, 3, and 5. Measurement of pH was performed at 22 ° C on a pH meter (826 pH mobile / 827 pH lab, Metrohm AG, Herisau, Switzerland).
Bacterial Cultures
Bacterial cultures were performed on day 0 and 5 for each bag of platelets, including both aerobic and anaerobic cultures.
Statistical Analysis
For comparison of the expression and shedding of platelet surface molecules in different days, data were analyzed by KruskalWallis test with Dunn's multiple comparison test. For correlations, linear regression analysis was applied. P values of less than 0.05 were considered to be significant. Calculations were done using GraphPad Prism software (GraphPad Prism Software, Inc., San Diego, CA, USA). 
Results
Platelet Count, Size, and pH Platelet counts and size were measured on days 0, 1, 3, and 5. The platelet counts decreased after 5 days, but the decrease was too small to have any major influence on the quality of the products. The MPV of platelets increased significantly on day 5 compared with day 1. The pH was generally stable during storage (data not shown).
ROS Production in Platelet Population Detected by DHR 123
PCs stored for 1 day were subjected to flow cytometry analysis using dual staining protocol to detect DHR 123 expression in either CD45+ (leukocyte or platelet-leukocyte aggregate) or CD45-(platelets alone) populations. As showed in figure 1 , 7% of population was CD45+ of which 88% expressed DHR 123 whereas in population which was CD45-, 15% expressed DHR 123. To further investigate ROS generation in these two distinct populations, platelet-leukocyte and/or leukocyte populations (R2: 6%) were discriminated from platelets (R1: 75%) using dual staining of platelet concentrate with PE-conjugated anti-CD42b (as a platelet marker) and FITC-conjugated anti-CD45 ( fig. 2A) . In a parallel study using dual staining of PCs with DHR 123 (FL1) and PE-conjugated anti-CD45 (FL2), DHR 123 expressions in the same areas (R1 or R2) were analyzed, which confirmed ROS generation in platelet population (CD45-) although at lower levels than platelet-leukocyte/ leukocyte population (CD45+) (fig. 2B ). In addition, as shown in figure 2C , ROS generation in either platelet population (CD45-) or platelet-leukocyte/leukocyte population (CD45+) was also significantly increased in the presence of fMLP (2 μmol/l) or PMA (200 nmol/l). Figure 2D shows DHR 123 expression of either single platelets or platelet-leukocyte/leukocyte population in response to above mentioned agonists in 6 PCs after 1 day of storage. These results validated the reproducibility and efficacy of flow cytometry- based DHR 123 expression tests for evaluating of platelet-originated ROS generation during PC storage. PCs were also examined for platelet-originated ROS generation during storage at days 0, 1, 3, and 5. As shown in figure 2E , ROS generation of platelets significantly increased from day 0 to day 5 (p < 0.001). A similar pattern of ROS generation was also observed in the platelet-leukocyte/leukocyte population during storage. However, the increasing levels of ROS generation from day 0 to day 5 were less significant here than those in platelets (p< 0.05).
P-selectin and CD40L Expression Correlate with Platelet ROS Generation during Storage
To investigate the association of ROS production with platelet activation and granule release, the expression of each pro-inflammatory molecules was monitored during PC storage using dual staining of platelets with PerCP-conjugated anti-P-selectin (FL3) and FITC conjugated anti-CD40L (FL1) (fig. 3C ). As depicted in figure 3B , gradual increases of expression levels for both pro-inflammatory molecules were detected during storage, and they were associated with increasing levels of ROS generation in platelets. Platelet P-selectin responses to TRAP were significantly higher on days 1 and 3 after storage than at baseline, whereas on day 5 P-selectin expression in response to agonist was not significantly increased. A similar pattern was also observed for CD40L; however, from day 3 after storage, the amount of increased expression in response to TRAP was not significantly higher than at baseline. TRAP-activated platelets also revealed significantly higher levels of ROS generation than non-stimulated samples on all days of storage, except day 5 ( fig. 3B) . Further analysis showed a direct correlation between P-selectin (r = 0.72; p = 0.0001) and DHR 123 expression in platelets during storage. CD40L expression was also significantly correlated with platelet ROS generation in stored (fig. 3D) . Furthermore, as illustrated in figure 4 , for PCs stored for 3 days which are expected to have a moderate levels of P-selectin expression ( 20%), flow cytometry assays did not show any significant DHR 123 expression in the Pselectin or CD40L-population using platelet dual staining with either fluorochrome-conjugated anti-P-selectin or anti-CD40L and DHR 123. Conversely, platelet populations expressing each of these molecules exhibited the high levels of DHR 123, an observation that confirmed the correlation of platelet activation and release with ROS generation during storage of PCs. We also demonstrated higher levels of P-selectin expression in CD45+ (leukocyte or platelet-leukocyte aggregate) than in CD45-(platelets alone) populations ( fig. 5A ). In a parallel study, it has been shown that both Pselectin and DHR 123 expressions were much higher in R2 population than R1 ( fig. 5B ).
P-selectin and CD40L Ectodomain Shedding (Release) Correlate with Platelet ROS Generation during Storage
Like the expression results, the levels of released P-selectin and CD40L also increased during 5 days storage, while this was associated with increasing levels of DHR 123 expression in platelets ( fig. 6A ). As shown in figure 6B , both P-selectin and CD40L release were directly correlated with ROS generation in platelets (soluble P-selectin: r = 0.78; p < 0.0001 and soluble CD40L: r = 0.75; p < 0.0001).
Discussion
In the present study, we investigated the relationship between platelet ROS generation and platelet pro-inflammatory states during storage of PCs for 5 days. Our results showed increasing levels of intra-platelet ROS generation during storage, which was significantly correlated with platelet expression or release of pro-inflammatory molecules such as P-selectin and CD40L. Our data also demonstrated that P-selectin-or CD40L-expressing platelets generated ROS, whereas platelets not expressing these pro-inflammatory molecules did not produce ROS. Several studies suggested P-selectin expression and release as common markers of platelet activation during storage. As another important pro-inflammatory molecule, CD40L expression and release have been shown to be correlated with those of P-selectin during storage [7, 34] . Thus, CD40L can also be considered as an additional marker of platelet activation. On the other hand, platelet ROS generation can regulate platelet activation [20, 21] , as surface expression of platelet activation markers, including P-selectin, CD40L or activated integrin α IIb β 3 , was shown to be attenuated by pharmacologic antioxidants [35] . In addition, platelet dysfunction reported in patients with genetically determined impaired O 2 -formation can provide further supporting evidence for the importance of ROS generation in eliciting platelet activation [18, 36] . However, whether platelet oxidative changes first induce platelet activation or whether platelet stimulation with activating agonists triggers ROS generation is still not defined unambiguously [37] . Platelet storage is also associated with ROS generation. Using rat platelets suspended in Tyrode's buffer, Manasa and Vani [37] demonstrated a significant increase of superoxides after 6 days of storage. They also showed significant increment of SOD during this period while catalase activity significantly decreased after 8 days of storage. They suggested that platelets may endure oxidative stress during the 6 days of storage; however, it should be noted that this result could not be extended to the blood-banked platelets which were stored under different conditions. The authors were also able to show that platelet aggregation increased in proportion to the free radical generation during storage, which indicated that ROS generation is correlated with platelet aggregation. In another study [38] performed on PRP obtained from healthy volunteers, platelet storage time was shown to be associated with elevated generation of mitochondrial-based ROS as well as a progressive increment in apoptosis detected by platelet mitochondrial respiration and functional decline. This study indicated a significant increase in Fig. 4 . ROS does not significantly express in either P-selectin-or CD40L-cell populations in stored PCs. Platelets stored for 3 days were loaded with 1 μmol/l DHR 123 for 30 min at 37 ° C and then incubated with either PerCP-conjugated anti-P-selectin or PE-conjugated anti-CD40L. The cell population first gated based on these pro-inflammatory molecules expressions. Subsequently, cells which were either positive or negative for each molecule expression were separately analyzed for DHR 123 expression. The lowest levels of ROS generation in the cells which were negative for either P-selectin or CD40L. DHR = Dihydrorhodamine; PCs = platelet concentrates; ROS = reactive oxygen species. platelet mitochondrial production of ROS, 3 and 5 days after storage when compared to day 0. In addition, Skripchenko et al. [39] also monitored intracellular ROS generation in stored PCs by flow cytometry using a modified technique of PRP isolation from whole blood. They found significant increases in platelet ROS generation 6 days after storage which was directly correlated with higher levels of carbon dioxide and lower oxygen levels. They suggested that prolonged periods of elevated carbon dioxide, potentially coupled with other platelet activation factors, are associated with platelet mitochondrial dysfunction and poor pH condition during storage. Both of these observations suggest that the increasing generation of intracellular ROS plays a role in platelet apoptosis and pro-coagulant functions. Whether ROS generation also plays a role in the enhancement of platelet pro-inflammatory state and granule release or whether platelet pro-inflammatory state during storage induces ROS generation was subject of our study. We therefore studied the correlation of platelet ROS generation with the expression and release of platelet pro-inflammatory molecules such as P-selectin and CD40L. Similar to other studies, we showed an increasing pattern of intra-platelet ROS during storage. As already shown by Skripchenko et al. [39] , we demonstrated a significant increase in ROS production from day 3 after storage. This suggests that, contrary to the study by Manasa and Vani [37] , the platelet antioxidant system prevent oxidative stress progression endures for 3 days in banked PCs under conditions of continuous agitation. It is important to know that without pre-storage leukoreduction PCs inevitably include a residual amount of leukocytes which, although their concentration is very low, may contain much higher levels of ROS than platelets, especially when they form aggregate with platelets [40] . Several lines of evidence showed that platelets expressing pro-inflammatory molecules effectively recruit different subtypes of leukocytes which can then be activated through a direct crosstalk with . Platelet-leukocyte interaction increases platelet activation leading to higher levels of ROS generation in platelet-leukocyte aggregates. A Platelets on day 3 after storage were stained with both PerCP-conjugated anti-P-selectin and PE-conjugated anti-CD45 to detect P-selectin expression in platelets and/or plateletleukocyte aggregates. B Platelets stored for 3 days (at 10 7 /ml in Tyrode's buffer) were loaded with 1 μmol/l DHR 123 for 30 min at 37 ° C and then stained with PerCP-conjugated anti-P-selectin. Histograms show DHR 123 and P-selectin expressions in areas (R1 or R2), which confirmed much lower ROS generation and platelet activation in platelet population than platelet-leukocyte/leukocyte population. DHR = Dihydrorhodamine; ROS = reactive oxygen species. platelets while generating a considerable amount of ROS [41, 42] . This is an additional mechanism by which platelet-leukocyte aggregates can also generate ROS. In our study, we were able to discriminate between platelet-originated ROS generation and leukocytemediated ROS production by measuring CD45+ versus CD45-events This approach enabled us to demonstrate that leukocyte contamination of PCs is the main source of ROS of non-platelet origin. With this simple technique, we showed that the residual leukocytes in PCs can express much higher levels of DHR 123 (ROS generation) than single platelets, especially when they form aggregates with platelets. This observation points to the importance of leukoreduction for platelet products as it can significantly reduce ROS generation during the storage of platelet concentrates. Furthermore, given the fact that ROS also act as activating signaling molecules in cells, we compared the levels of DHR 123 expression in P-selectin+ or CD40L+ cell populations versus those cells not expressing Pselectin or CD40L in order to unambiguously demonstrate direct correlation of platelet pro-inflammatory release and ROS generation. Intriguingly, we found high levels of DHR 123 expression in cells positively expressing these pro-inflammatory molecules and a non-detectable ROS generation in cells which were negative for Pselectin or CD40L. Our data also confirmed that agonist-like TRAP which significantly induces platelet granule release [10] also increases ROS generation in platelets. These observations not only confirm the association of ROS generation with platelet activation but also suggest a direct correlation between ROS production and platelet pro-inflammatory state during storage, which was also supported by the fact that the expression of P-selectin or DHR 123 is higher in platelet-leukocyte aggregates than in single platelets. This also shed light on the platelet-leukocyte crosstalk during storage and the possible role of residual leukocytes in the development of PSLs via ROS generation. To complete the story, further analysis of either soluble P-selectin or CD40L in stored platelets also confirmed a direct correlation between the increasing levels of these pro-inflammatory shed molecules and the incrementing levels of DHR 123 expression in platelets. As it is already known from several studies [25] that the soluble form of CD40L increases intracellular ROS levels the correlation of ROS generation and soluble CD40L found in the present study is not surprising.
Conclusion
Our data confirmed increasing levels of intracellular ROS generation in both platelets and platelet-leukocyte aggregates during PC storage. ROS generation is directly correlated with platelet activation and granule release while platelets with no pro-inflammatory phenotype do not produce significant amounts of ROS. Considering the fact that ROS generation during platelet storage induces platelet activation and PSL, pharmacologic quenching of ROS production or scavenging of ROS molecules may protect banked platelets from PSL while promoting their in vivo functionality following transfusion. The inhibition of ROS generation may also reduce adverse transfusion reactions related to secreted inflammatory molecules.
